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A. H. Hoveyda, Chem. Biol. 5, R187-R191 (1998). 27. Consistent with our prior studies, crossed [2 + 2] cycloadditions can be achieved with one aryl enone that can easily be reduced to the corresponding radical anion and a second b-unsubstituted alkyl enone that possesses a more negative redox potential but is a less sterically encumbered Michael acceptor. 28. The absolute configuration of 2c was determined by
x-ray crystallographic analysis of the corresponding 2,4-dinitrophenylhydrazone (S3) using anomalous dispersion. See supplementary materials for details. The configurations of other 1,2-trans cycloadducts were assigned by analogy. 29. A. E. Allen, D. W. MacMillan, Chem. Sci. 2012, 633-658 (2012). 30. Reactions conducted with ligand 9 at -20°C proceeded at prohibitively slow rates and offered little improvement in ee. 31. The absolute configuration of 3c was determined by
x-ray crystallographic analysis using anomalous dispersion. See supplementary materials for details. The configurations of other 1,2-cis cycloadducts were assigned by analogy. Objects of known brightness, like type Ia supernovae (SNIa), can be used to measure distances. If a massive object warps spacetime to form multiple images of a background SNIa, a direct test of cosmic expansion is also possible. However, these lensing events must first be distinguished from other rare phenomena. Recently, a supernova was found to shine much brighter than normal for its distance, which resulted in a debate: Was it a new type of superluminous supernova or a normal SNIa magnified by a hidden gravitational lens? Here, we report that a spectrum obtained after the supernova faded away shows the presence of a foreground galaxy-the first found to strongly magnify a SNIa. We discuss how more lensed SNIa can be found than previously predicted.
A peculiar supernova, PS1-10afx, was discovered by the Panoramic Survey Telescope & Rapid Response System 1 (Pan-STARRS1) on 31 August 2010 (universal time) (1) . The unusually red color of the object spurred the Pan-STARRS1 team to conduct an array of follow-up observations, including optical and near-infrared spectroscopy, which yielded a redshift of z = 1.39. Combined with relatively bright photometric detections, this redshift would imply a peak luminosity of 4 × 10 44 erg s −1 , which is 400 times brighter than the typical core-collapse supernova. A rare class of superluminous supernovae (SLSN) (2) have shown similarly high bolometric outputs, but PS1-10afx distinguishes itself from all other SLSN on two important counts: PS1-10afx is much redder (cooler) and evolved much faster than any SLSN. A generic feature of SLSN models (3-9) is that they employ high temperatures (T) and/or large photospheric radii (R) to generate high luminosities (L) (recalling that L º T 4 R 2 ). The observations of PS1-10afx do not fit with these models, suggesting that if it is a SLSN, it is in a class of its own.
An alternate hypothesis (10) is that PS1-10afx is actually a regular type Ia supernova (SNIa) with a normal luminosity, but its apparent brightness has been magnified by a gravitational lens. Spectra of PS1-10afx are well fit by normal SNIa templates, as are the colors and light curve shapes. However, normal SNIa exhibit a tight relation between the widths of their light curves and their peak luminosities (11) (12) (13) (14) , and PS1-10afx appears 30 times brighter than expected, according to this relation. Such a large magnification of brightness can only occur naturally from strong gravitational lensing, whereby the light emanating from the supernova is bent to form an Einstein-Chwolson ring, or several discrete magnified images (typically two or four) if the alignment is not axisymmetric. Pan-STARRS1 has surveyed sufficient volume to expect such a chance alignment (15, 16) , and it is possible that the angular extent of the lensed images was simply too small to be resolved by the observations available. However, for this hypothesis to be confirmed, we must explain why the existing observations give such conclusive photometric and spectroscopic evidence for the presence of the supernova's host galaxy, but the same observations fail to obviously indicate the presence of a foreground lens.
We used the Keck-I telescope with the Low-Resolution Imaging Spectrograph (LRIS) (17) with the upgraded red channel (18) to observe the host galaxy and any foreground objects at the sky position of PS1-10afx on 7 September 2013 (see fig. S1) (16) . As illustrated in Fig. 1 , there are two narrow emission features that persist at the location of PS1-10afx now that the supernova itself has faded away. The [O II] emission doublet (ll = 3726.1, 3728.8 Å in the rest frame) from the host galaxy previously identified (1) is clearly recovered ( fig. S2 ), but we additionally detected a second emission line at 7890 Å. Because there are no strong emission lines expected from the host at this wavelength (~3300 Å in the host frame), this detection suggests the presence of a second object coincident with PS1-10afx.
The most probable identification for the 7890 Å feature is [O II] at z = 1.1168 T 0.0001. At this redshift, other strong emission lines such as H-b or [O III] would lie outside of our wavelength coverage. However, as depicted in Fig. 1 , we detected a Mg II absorption doublet (ll = 2795.5, 2802.7 Å in the rest frame) at z = 1.1165 T 0.0001. Blueshifted absorption outflows are typical of star-forming galaxies (19) , so this estimate is compatible with that derived from the emission lines. We also identify possible Mg I (l = 2853.0) and Fe II (l = 2344.2, 2373.7, 2382.8, 2586.7, 2600.2) lines with a matching redshift. Given these identifications and the extended nature of the emission (see fig. S3 ), it is clear that the second object is a galaxy lying in front of PS1-10afx and its host. The near-maximum light spectra of PS1-10afx (1) show what could be Ca II absorption from this foreground galaxy ( Fig. 1 ).
With its redshift secure, we next checked whether the foreground galaxy could satisfy the lens requirements of PS1-10afx (10) . To do this, we derived a stellar mass for the foreground galaxy and used an empirical relation between stellar mass and one-dimensional velocity dispersion, as explained below. We fitted a set of single stellar population (SSP) models to the combined spectra to measure the stellar masses of the host and foreground galaxies (see Fig. 2 and fig. S4 ) (16) . The best-fit SSP combination was a~1-billionyear-old foreground galaxy with a stellar mass of (9 T 2) × 10 9 M ⊙ and a more distant host galaxy with (7 T1) × 10 9 M ⊙ and a younger (~0.1-billionyear-old) population. The extinction in the foreground galaxy is consistent with zero ðA V ¼ 0:28 þ0:48 −0:28 Þ, but the host galaxy requires significant reddening [A V = 1.62 T 0.18 (where A V is the V-band absorption in magnitudes)].
Stellar mass contributes only a fraction of a galaxy's total mass, which is usually dominated by dark matter. The ratio of these masses varies from galaxy to galaxy, but they are strongly correlated. Using the stellar mass-to-velocity dispersion relation measured from the SDSS DR7 spectroscopic sample (20, 21) ( fig. S5 ), we inferred a probability distribution for the foreground galaxy's velocity dispersion (16) . We then used this as input to a Monte Carlo simulation from which we derived the posterior distributions for the lens parameters ( Fig. 3 ). We find that the redshift and mass of the foreground galaxy make it fully consistent with a gravitational lens that is capable of satisfying the magnification, imageseparation limits, and time-delay constraints of PS1-10afx (10) . We thus concluded that PS1-10afx is not a superluminous supernova but a normal SNIa magnified by a strong gravitational lens at z = 1.1168.
Our new data further explain why the lensing galaxy was not evident in prior observations. Even though the host galaxy is slightly less massive, more extinguished, and farther away than the lensing galaxy, it harbors a younger stellar population that shines more brightly per unit mass. Because of this, the foreground object is only comparable in brightness to the host over a narrow range of wavelengths longer than the lensing galaxy's 4000 Å break but shorter than the host's. This makes it difficult to see the light from the lens galaxy over the glare from the host galaxy.
The lack of multiple images or signs of time delay from PS1-10afx can also be explained from our Monte Carlo simulations. The high total magnification of PS1-10afx is best recovered from alignments that produce four images (79% probability of a "quad" system), but the maximum separation between the different multiple images is small (∆q < 0.12′′ at 95% confidence), and the maximum phase delay is short (∆t < 1.3 days at 95% confidence). The available observations of PS1-10afx are thus likely insufficient to resolve any effects from the gravitational lensing other than its magnification. In the future, high-angular resolution imaging enabled by adaptive optics (AO) or spacebased resources like the Hubble Space Telescope (HST) could be used to spatially resolve the multiple images of gravitationally lensed SNIa similar to PS1-10afx. This would not only provide immediate confirmation that gravitational lensing is at play, but it would also provide important constraints on the nature of the lens. In theory, multiple epochs of high-resolution imaging could be used to measure the time delay between each image and the magnification factors for each. Such observations could yield strong constraints on cosmic expansion.
Because the universe is expanding, the path lengths of the more delayed images will be stretched more by cosmic expansion, and the magnitude of this delay is directly tied to the Hubble parameter (22) . However, the time delay is also dependent on the mass density profile of the lens, which will be dictated by unobservable dark matter. For objects of known brightness, like SNIa, we can use the readily measurable magnification to break this degeneracy (23) . As is probably the case for PS1-10afx, spectra taken near maximum light can reveal not only the redshift of the supernova but also, with the use of absorption line spectroscopy, the redshift and velocity dispersion of the lens. (Note that at maximum light, the resolving power available from Keck/LRIS may have been sufficient to resolve the Ca II K line from the lens, but the signal-to-noise ratio and resolution of the available observations is too low: s < 125 km s −1 at 95% confidence.) Thus, future discoveries of gravitationally lensed SNIa may be used to make a direct and precise measurement of the Hubble constant, but only if the needed follow-up observations commence in a timely manner.
To begin follow-up observations of lensed SNIa candidates while they are still on the rise (needed for accurate delay time measurements) or near maximum light (the optimal phase for absorption line spectroscopy), an efficient vetting process must be employed to eliminate the Time delay (days) Fig. 3 . Probability distributions for the lens parameters. From left to right, the panels show the relative likelihood for the line-of-sight velocity dispersion of the lensing galaxy, the maximum separation between lensed images, and the maximum time delay between lensed images as predicted by our Monte Carlo simulation. The blue histograms account for the total magnification, m = 31 T 5, measured for PS1-10afx (10) , and the dashed red curves neglect this prior. The hatched areas are excluded based on the observations of PS1-10afx, specifically the lack of resolved images or evidence for time delays.
nonlensed supernovae that outnumber lensed SNIa by a few thousand to one. A means to accomplish this feat was demonstrated by the selection of PS1-10afx for follow-up by the Pan-STARRS1 team-they were first motivated to examine PS1-10afx based on its unusually red color (1), as seen in Fig. 4 (16) . PS1-10afx showed a color near maximum light of r -i~1.7 (where r and i give the observed fluxes in the SDSS r-band and i-band, respectively, in magnitudes), whereas unlensed supernovae brighter than the Pan-STARRS1 detection limits have ri < 0.5. (Note that quiescent galaxy light is removed from these measurements using presupernova images.) Because the lensing probability increases with redshift and, for a given sky area, the number of supernovae also increases with redshift (because of both rates and increased volume), the majority of lensed SNIa expected from a flux-limited survey will be high-redshift events that will typically appear much redder than the more nearby population of unlensed supernovae.
We thus propose that selecting supernovae with colors redder than a given i-band magnitude (Fig. 4 , bold black line) during their rise to peak may be an effective way to identify lensed supernovae. This will bypass the need to detect multiple, resolved images and will thus increase the expected number of lensed SNIa from future surveys by a factor of 5 over traditional selection techniques. The large magnification and relatively lowmass lens galaxy of PS1-10afx may prove typical of gravitationally lensed SNIa that will be discovered by future, flux-limited surveys given selection bias: Brighter objects are easier to detect, and unresolved images formed by a lowmass lens effectively make a single, brighter object (16) (fig. S6 ). Alternatively, the lens mass and high magnification of PS1-10afx may indicate a problem with our understanding of the starlight-to-dark matter connection in the early universe. Thus, further studies of this system are warranted. A multiwavelength, high-angular res-olution study of the lens and host galaxies with HST, ground-based AO, and the Atacama Large Millimeter/submillimeter Array could further constrain the lensing model and provide an important reference for future studies of gravitationally lensed SNIa. Observed r-i color Fig. 4 . Color-magnitude diagram showing how lensed SNIa can be distinguished from unlensed events. The blue shaded area shows the expected color-magnitude distribution for unlensed SNIa on a log scale, and the red shaded area corresponds to core-collapse supernovae. The r -i colors for low redshift supernovae are relatively blue. However, at higher redshifts (fainter observed magnitudes), the color becomes red as the peak of the rest-frame spectral energy distribution passes through the observerframe bands. The red limit for unlensed supernovae at a given i-band magnitude is denoted by the thick black line. Blue circles and red triangles show the distribution of lensed SNIa and core-collapse supernovae, respectively, predicted by Monte Carlo simulations (16) . Solid symbols indicate objects that could be resolved from ground-based observations, such as those planned by the Large Synoptic Survey Telescope (LSST). Open symbols depict objects that require high-angular resolution follow-up observations to resolve spatially. The open star marks the values corresponding to the peak i-band brightness of PS1-10afx, and the dash-dotted curve shows that the color evolution within one magnitude of this peak is minimal. The vertical dashed line marks the single epoch limit predicted for LSST. The arrow shows the reddening vector, assuming A V = 1.0 magnitude.
